We experimentally show coherent, enhanced terahertz transmission through dense 3D random metallic media having subwavelength heterogeneity. Preservation of the incident polarization state and strong dispersion of the transmitted radiation indicate that the enhanced transmission is due to delocalized plasmonic propagation over distances 5 orders of magnitude greater than the skin depth. The experimental observations are supported by numerical finite difference time-domain simulations. DOI: 10.1103/PhysRevLett.94.173904 PACS numbers: 42.25.Dd, 73.20.Jc, 73.20.Mf The study of light interaction with subwavelength materials has attracted recent attention. Such interest is due to the potential development of nanophotonic information and computing technology based on near-field phenomena. Surface plasmons, in particular, are a powerful mechanism used to manipulate electromagnetic waves in the near field. Discoveries of enhanced transmission through subwavelength apertures [1, 2] , subdiffraction wave guiding [3] , and femtosecond pulse reshaping [4] in engineered metallic structures have been attributed to surface plasmon effects strongly influenced by the dimensions and structural order of the system. In random subwavelength size metallic media, it has been predicted that localized and delocalized surface plasmon modes offer a means to retain and transport electromagnetic energy, respectively [5] . Such unique photonic materials, capable of wave-guiding and information storage, are attractive for the development and realization of next-generation photonic devices.
The study of light interaction with subwavelength materials has attracted recent attention. Such interest is due to the potential development of nanophotonic information and computing technology based on near-field phenomena. Surface plasmons, in particular, are a powerful mechanism used to manipulate electromagnetic waves in the near field. Discoveries of enhanced transmission through subwavelength apertures [1, 2] , subdiffraction wave guiding [3] , and femtosecond pulse reshaping [4] in engineered metallic structures have been attributed to surface plasmon effects strongly influenced by the dimensions and structural order of the system. In random subwavelength size metallic media, it has been predicted that localized and delocalized surface plasmon modes offer a means to retain and transport electromagnetic energy, respectively [5] . Such unique photonic materials, capable of wave-guiding and information storage, are attractive for the development and realization of next-generation photonic devices.
In a random ensemble of subwavelength size metallic particles, surface plasmon dynamics are strongly influenced by collective effects between particles that depend upon the interparticle separation, s, and the evanescent decay distance of the plasmon mode, d. For s=d > 1, the interparticle interaction is governed by far-field dipolar absorption and reradiation exhibiting an s ÿ1 dependence. However, for closely spaced subwavelength metallic particles such that s=d 1, high evanescent fields exhibiting an s ÿ3 dependence can result in strong near-field coupling [3] . In this regime, Stockman et al. [5] have recently proposed the use of localized plasmon modes in random 2D metallic structures for the storage of electromagnetic energy and delocalized modes for coherent energy transfer across the extent of the metal film. Delocalized surface plasmons, in particular, are unique as they permit efficient energy transfer into the far field while preserving the coherence of the electromagnetic field. Near-field probes of surface plasmons in random metallic thin films that are near the percolation threshold have verified the existence of localized plasmon modes [6] , but experimental evidence of coherent far-field electromagnetic energy transmission through random metallic media has yet to be reported.
In this Letter, we report on time-resolved observations of coherent transmission through dense 3D random media composed of subwavelength size metallic particles. Despite the subwavelength heterogeneity scale, significant electromagnetic energy is transported across the extent of the medium, which can exceed the bulk absorption depth by up to 5 orders of magnitude. A nonexponential inverse dependence of the transmission as a function of sample thickness departs from predictions for both diffusive and ballistic wave propagation. The preservation of the radiation polarization state in addition to strong dispersion of the transmitted pulse suggests that the transmission is mediated by near-field coupling of resonant surface plasmon modes, a phenomenon earlier predicted in Ref. [5] . These modes, propagating with a measured velocity of 0:58c 0:07c, transport electromagnetic energy across the system such that the metallic medium exhibits unusually high transparency. A numerical model is found to be in excellent agreement with the experiments. These findings open the door to technological applications and fundamental studies of new photonic materials based on random ensembles of subwavelength size metal particles.
The medium employed is 99.3% pure Cr (Chemalloy Inc.) consisting of randomly shaped, polydisperse particles, with a mean dimension 150 m and a volume packing fraction of 0.52. Terahertz (THz) radiation is employed to explore electromagnetic interaction in a regime where the radiation wavelength s and . At THz frequencies, Cr behaves like a perfect conductor, with a real permittivity of " r 1 THz ÿ10 4 [7, 8] and a skin depth of Cr 1 THz 40 nm [9] . Since the random nature of the metallic medium precludes frequency selective electromagnetic coupling, a broadband THz source is required to probe the full electromagnetic response of the system. Details of the experimental setup are described elsewhere [10, 11] . Single-cycle, linearly polarized, 1 ps wide THz pulses centered at 0.6 THz with a 0.5 THz bandwidth are generated from a GaAs photoconductive switch excited with focused 20 fs, 800 nm laser pulses. The collimated 2 cm diameter THz beam is directed towards a 6 cm diameter sample cell constructed from Teflon siding with PRL 94, 173904 (2005) P
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500 m thick polystyrene windows housing the Cr particles. We access the time-domain transmission in addition to its polarization coherence to directly probe the dynamic energy transport through the medium. Coherent, timeresolved measurement of the on-axis THz electric field transmission is achieved via an optically gated 500 m thick h111i ZnSe electro-optic crystal [11] . Given that and s encompassed by the THz pulse, the ensemble of Cr particles is expected to show bulklike electromagnetic interaction. However, significant transmission for sample thickness, L, up to 7.0 mm (5 orders of magnitude larger than Cr ) is observed. Figure 1(a) depicts the THz transmission for 0:6 L 7:0 mm referenced to the transmission through an empty sample cell corresponding to L 0 mm. In general, the timeresolved signals are characterized by several broad oscillations, which are relatively delayed as L increases. Shown in Fig. 2 is the relative pulse delay as a function of sample thickness, referenced to an equivalent air path. The measured delay translates to an electromagnetic energy velocity of 0:58c 0:07c or an effective macroscopic " r 3:0 0:6. As L increases from 0.6 to 7.0 mm, the durations of the transmitted electric field pulses are broadened to 6 and 10 ps, respectively. The pulse broadening with increasing L is attributed to bandwidth reduction [ Fig. 1(b) , inset] and strong dispersive effects originating from the structural characteristics of the medium. Figure 2 illustrates the percentage far-field transmitted power as a function of L. From L 0:6 to 7.0 mm, the total integrated transmission power, R jEtj 2 dt, decreases from 3% to 0.4%. Overall, the power decay profile exhibits an L ÿ1:00:1 dependence, in contrast to both the exponential decay dependence due to absorption and scattering [12] and the L ÿ2 dependence for classical wave diffusion. Thus, neither absorption or scattering nor diffusion can adequately explain the enhanced transmission.
The polarization purity of the transmitted field provides further insights into the nature of the enhanced transmission phenomenon. Comparison of the transmitted polarization with the incident linear polarization maps the degree of coherence of the energy transport onto a polarization change. In general, electric field dephasing due to incoherent random scattering destroys the incident polarization state, whereas coherent electromagnetic energy propagation preserves the incident polarization. The transmitted electric field polarization is measured by varying the orientation of the optical axes of the electro-optic crystal. For the incident linearly polarized THz pulse, the crystallographic axes of h111i ZnSe dictate that the electro-optic response exhibits threefold symmetry (120 ) about the azimuthal angle [11] . This symmetry vanishes for an unpolarized THz pulse. As shown in Fig. 3 , the azimuthal angular dependence of the normalized transmission amplitude through a 1 mm thick Cr sample is in excellent agreement with measurements for the free space polarized field, indicating that the transmission is highly polarized. In contrast with random dielectric systems, where coherent 
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173904-2 transmission is attributed to direct propagation of ballistic photons [10, 12] , the transmission in this study cannot originate from photon propagation through the closely spaced Cr particles as Cr . Instead, electromagnetic energy can propagate only within gaps between the metal particles. Moreover, the preservation of the polarization state and the dispersion of the incident pulse in a regime where s strongly suggest the existence of near-field resonant interaction responsible for electromagnetic energy transport. The experimental evidence suggests, therefore, that the enhanced transmission is caused by the coherent propagation of delocalized surface plasmon electromagnetic modes across the extent of the random metal particle ensemble. To further explore the enhanced transmission, numerical simulations of THz electric field transmission through an ensemble of subwavelength size metal particles are performed. Here, Maxwell's equations are solved in 2D using a finite difference time-domain technique. The permittivity of Cr is incorporated by recasting the relation between the displacement, D, and electric, E, fields, D "!E, into the time domain by Fourier transformation, thus yielding
where " 0 is the free space permittivity, ! p is the plasma frequency, and is the damping frequency. In combination with the equations @D=@t r H and @H=@t ÿ1= 0 r E, where H is the magnetic field, the fields E, D, and H are solved using a central differencing scheme [13] . To a good approximation, the Cr particles can be viewed as a collection of spheres. Thus, the structure used in the simulation is a randomly generated ensemble of Cr particles with a circular cross section having the aforementioned and a metal volume fraction of 0.56. The average transmission is measured by integrating the total electric field incident upon a line detector emulating the experimental detection. At each L, the transmission is evaluated for numerous random sample configurations.
As shown in Fig. 4 , the simulated transmission characteristics demonstrate excellent agreement with experimental observations. In particular, the percentage power of the enhanced transmission and the 1=L power dependence are accurately predicted. The numerical and experimental relative pulse delays are in good agreement from 0 < L < 4 mm. For L > 4 mm, a slight mismatch is attributed to the finite distribution of particle sizes and the irregular shapes of the Cr particles, both of which are not incorporated in the numerical model. Further examination of the internal electric field dynamics supports previous conclusions that the physical origin of the transmission is due to delocalized plasmonic propagation. Figures 5(a)-5(d) depicts snapshots of the spatiotemporal evolution of the THz pulse fields for L 5 mm at representative times, t. At t 1:25 ps, the incident polarized THz pulse couples into surface plasmon electron oscillations that are evidenced by the high electric fields near the particles' surfaces. The image at time t 8:5 ps clearly shows that electromagnetic energy propagation is mediated by near-field coupling between nearest neighbors. In particular, an initial wave front associated with delocalized plasmon modes appears as a large amplitude band progressing through the medium, as shown at t 19:0 ps [ Fig. 5(c) ]. By tracking the wave front progression, a surface plasmon velocity of 0:64c is measured, in agreement with experimentally measured values of 0:58c 0:07c. At t 26 ps, this leading wave front approaches the boundary (L 5 mm) and radiates into free space. Even after the passage of the initial wave front, significant electromagnetic energy is still trapped at various random locations. A spatial probability   FIG. 3 . The normalized peak-to-peak THz transmission through a 1 mm thick Cr sample versus the azimuthal angle of the h111i ZnSe electro-optic crystal axis. The peak-to-peak electric field amplitudes for a free space THz pulse and for the transmitted pulse through the Cr medium both illustrate the threefold symmetry of a linearly polarized field. distribution map of the electromagnetic field within the random medium [ Fig. 5(e) ] illustrates the existence of localized hot spots. At these locations, electromagnetic energy is stored via resonant near-field electromagnetic recirculation between metal particles. Interestingly, a similar phenomenon was earlier predicted by Maradudin et al. [14] to exist between 1D metallic slabs. The frequency spectrum at isolated hot spots shown in Fig. 5(f) demonstrates distinct resonant modes between 0.1 and 1.6 THz. However, because of the random phases of the electric field, the collective radiation leakage from these locations interferes destructively and can be detected only locally.
The presented work experimentally demonstrates coherent electromagnetic energy transport through 3D random subwavelength metallic media with support by numerical simulation. The enhanced transmission is mediated by near-field coupling of resonant surface plasmon modes across the extent of the system, which exceeds the bulk absorption depth by at least 5 orders of magnitude. The discovery of this unique phenomenon paves the way for potential photonic applications of granular metals in dynamic filtering, THz spectroscopy, and random lasing.
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